Introduction
Gallium oxide is widely used for the preparation of gas sensors, optoelectronic devices, luminescent materials and catalysts in diverse gas and liquid phase chemical reactions [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] .
It is an insulator with a wide band gap at room temperature (~4.9 eV for β-Ga 2 O 3 ) , which is considered to be the widest band gap semiconductor among transparent conducting oxides (TCOs) [12] [13] [14] . However, preparation of -Ga 2 O 3 under reducing conditions or heating in reducing atmospheres at high temperature turns it into an n-type semiconductor. [1, 6, 7, 15] .
For example, a substantial conductivity increase was observedfor -Ga 2 O 3 crystals, when grown under reducing conditions in an inductive couples plasma torch. This increase could be quenched again upon annealing in oxygen, indicating that oxygen vacancies are the source of the enhanced conductivity [16] . Such vacancies act as shallow donors and their role on the luminescence properties of -Ga 2 O 3 has been studied in detail by Binet and Gourier [17] .
Gallium oxide is also used as a catalyst support, in particular for Pd-based catalysts. In such systems, the partial reduction of Ga III may lead to the formation of Ga-Pd intermetallic compounds, which have interesting properties in methanol synthesis [18] , methanol steam reforming [19] [20] [21] [22] [23] [24] and hydrogenation reactions [25, 26] . A large specific surface area of nanostructured gallium oxide is desired for both applications as gas sensor and catalyst [2] .
Five modifications of Ga 2 O 3 are known: α, β, γ, δ and ε [27] and a thermodynamic description of the system Ga-O has been presented [28] . Among these five modifications, β-Ga 2 O 3 is the most stable modification (mp 1740 °С); it has a monoclinic structure with the oxide ions in distorted ccp arrangement and Ga III in distorted tetrahedral and octahedral sites [29] [30] [31] . α-Ga 2 O 3 crystallizes in the structure of corundum. It forms upon heating of α-GaOOH in air between 450 and 550 °С [28] . It also has been reported by Remeika and Marezio that single crystals of α-Ga 2 O 3 have been grown from a flux at a pressure of 44 kbar and at a temperature of 1000 °С [32] . γ-Ga 2 O 3 is assumed as a cubic spinel-type structure [33] . Böhm has described the preparation of this gallia polymorph and found a crystal structure similar to that of γ-Al 2 O 3 [34] . Zinkevich et al. found differences in the cation distribution between both compounds and discuss the similarity of -Ga 2 O 3 with -Al 2 O 3 [35] . Areán and Delgado have reported that γ-Ga 2 O 3 was prepared by calcination (at 500 °С) of a gallia gel obtained by adding ammonia to an ethanolic solution of gallium nitrate. They attributed the presence of excess water in gallia gels to the formation of a product, probably GaOOH, which is not a precursor of γ-Ga 2 O 3 but rather of the α-Ga 2 O 3 polymorph. Hence, they advised to avoid the use of water as a solvent when preparing γ-Ga 2 O 3 [30, 33] . δ-Ga 2 O 3 crystallizes like In 2 O 3 in the C-type structure of rare earths [28] . It can be prepared by heating the residual of evaporated gallium nitrate solution at 200-250 °С. When it is heated above 500 °С, the δ modification transforms to orthorhombic ε-Ga 2 O 3 [28] . In summary, the polymorphism of Ga 2 O 3 is very similar to that of Al 2 O 3 : α-, β-, γ-and ε-Ga 2 O 3 are isomorphous with α-, θ-, γ-or -and κ-Al 2 O 3 , respectively, but there is no form of Al 2 O 3 that corresponds to δ-Ga 2 O 3 [27] .
In the present work, we have investigated a simple aqueous chemistry route to synthesize precursors of Ga 2 O 3 , and showed that not only α-, β-, but also γ-Ga 2 O 3 can be formed by thermal treatment of precursors obtained from aqueous solution. The detailed characterization work, effect of different synthesis parameters like pH and temperature, will be discussed. 
Experimental Section

2.1.Synthesis Procedures
To prepare the α-and β-Ga 2 O 3 polymorphs, their precursor was synthesized by controlled precipitation at constant pH 6 and a temperature of 55 °С using co-feeding of appropriate amounts of 0.1 M gallium nitrate and 0.345 M sodium carbonate solution as precipitating agent to maintain a constant pH. Both solutions were added simultaneously dropwise into a 2 L automated reactor, which was filled prior to the precipitation with bidistilled H 2 O (300 mL) [36] . The gallium nitrate solution was automatically pumped with a constant dosing rate (16 mg/min) and the sodium carbonate solution was added to maintain a constant pH. In a typical experiment, the addition of approximately 250 g of the Ga(NO 3 ) 3 solution required dosing of approximately 110 g of the soda solution (Fig, 1, inset) . After completion of addition, the precipitates were aged for 24 h at the precipitation temperature under stirring. The whole process was controlled by a computer-controlled automated reactor system (Labmax, Mettler-Toledo) used to control the precipitation process parameters. After filtration, the precipitate was washed two times each with bidistilled water (400 mL). Then, the precipitate was dried at 80 °С in air for 12 h. Finally, the dried samples were calcined at 350 and 700 °С in static air for 2 h to get α-and β-Ga 2 O 3 , respectively.
To prepare the γ-Ga 2 O 3 polymorph, 0.1 M gallium nitrate and 0.345 M sodium carbonate solutions as precipitating agent were added simultaneously dropwise into the 2 L reactor, prefilled with bidistilled H 2 O (300 mL). While the dosing rate was unchanged, pH and temperature were lower compared to the preparation of the precursor for the α-and β-phase (pH 4, T = 25 °С). After completion of addition, the precipitate was directly filtered without 6 aging and washed two times with bidistilled water (400 mL). Then, the precipitate was dried at room temperature (RT) in air for 3 days. Finally, the dried sample was calcined at 500 °С in static air for 2 h to obtain γ-Ga 2 O 3 .
2.2.Characterization Techniques
The crystalline phases of products were examined by X-ray diffraction (XRD) on a STOE Stadi P diffractometer in transmission geometry using Cu Kα 1 radiation, a primary Ge monochromater and a 3º linear position sensitive detector. Furthermore, the Rietveld crystal structure refinement of the XRD pattern was carried out using the TOPAS software [37] and crystal structure data were from the ICSD database. The size and morphology of the resulting products were observed by Scanning Electron Microscope (SEM) at an acceleration voltage of 2.0 kV. Energy Dispersed X-ray Spectroscopy (EDX) was performed on the same SEM.
The specific surface area was determined by nitrogen physisoption in an Autosorb-1C setup (Quantachrome) using the Brunauer-Emmett-Teller (BET) method based on nitrogen adsorption-desorption. Thermogravimetry (TG) was performed on a Netzsch STA449 thermobalance (2 °С / min, synthetic air). Temperature programmed reduction (TPR) was done in a fixed bed reactor (TPDRO-1100, CE instruments) with a 5 % H 2 in He gas (80 ml/min) at a heating rate of 2 K/min. The H 2 consumption was monitored with a thermal conductivity detector.
Results and Discussion
3.1.α-GaOOH Precursor
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To generate Ga 2 O 3 of homogeneous microstructure, it is important to first develop a method to fabricate a phase-pure precursor [38] . It has been demonstrated that gallium oxide hydroxide (α-GaOOH), which crystallizes with α-AlOOH structure type (diaspore, Pbnm) undergoes transformation to gallium oxide during thermal treatment [2, 39] .
The aging time has a great effect on the crystallinity and morphology of precipitate products. 3) of precipitates taken after different aging time. In Fig. 3a , it is found that the sample with 1 h of aging is comprised of aggregates of elongated platelet-like particles forming a spindleor rice grain-like shape together with a lot of material of ill-defined morphology exhibiting much lower particle sizes (see arrows). From the trend seen in XRD (Fig. 2) , it is assumed that the material with the small particle size is representative of the amorphous initial precipitation product that dominates the XRD patterns at low aging times. A spindle-like morphology has also been reported by Tas prolonged aging time is necessary to fully crystallize the precipitate (Fig. 3c) . The necessity of a long aging period for complete crystallization of GaOOH from the initially amorphous precipitate has been previously reported by Sato and Nakamura [40] . It is noted that in our experiment the elongated crystallization period and its effect on the material's homogeneity cannot be easily seen in the XRD data alone, which exhibits only very subtle changes after an aging period of ca. 3 h (Fig. 2) .
By XRD the sample obtained after 24 h of aging can be identified as pure gallium oxide hydroxide, α-GaOOH (orthorhombic, Pnma). A Rietveld plot is shown in Fig. 4a GaOOH. This oxygen excess is also reflected in the TG-MS curve (Fig. 5a ). The total weight loss of our sample is 13.7%, higher than the theoretical weight loss for the conversion of α-GaOOH to Ga 2 O 3 of 8.8%. In the light of the low drying temperature and in agreement with literature reports [1, 42] , it is suggested that the deviation from the theoretical weight loss might be attributed to the release of physically surface adsorbed water, surface bound hydroxyl groups and water inclusions in the crystal lattice, which may also serve as an explanation for the enlarged lattice parameters of our sample.
In conclusion, the effect of increased aging time in the synthesis of α-GaOOH is to give a well crystalline sample. α-GaOOH synthesized at pH 6 and 55 °С after 24 h of aging time is phase pure, which is confirmed by the combination of XRD and SEM. After mild drying at 80 °С, the material still contains a considerable amount of humidity.
3.2.α-and β-Ga 2 O 3 Formation
The XRD patterns of the α-GaOOH precursor, after treatment at different calcination temperatures, are shown in Fig. 6 . α-GaOOH is still the only phase after calcination at 300 °С for 2 h, which is in agreement with the observation that α-GaOOH is stable up to 300 °С [1, 28, 31, 38] (Fig. 4a) . Å, β = 103.83(2) º [44] . A graphical representationof the the Rietveld fit is shown in Fig. 4d .
The calcination behavior of α-GaOOH can be also followed by SEM micrographs shown in Table 1 summarizes textural properties of the gallium oxide hydroxide and gallium oxides obtained after calcination. The adsorption-desorption isotherm of nitrogen and pore size distribution curve are shown in Fig. 8 . All isotherms are typical for mesoporous materials containing micropores [45] . The fact that the hysteresis loop moves to a higher relative pressure as the calcination temperature increases suggests that the most frequent pores are wider for β-Ga 2 O 3 than for α-Ga 2 O 3 [46] . The pore size distribution was analyzed following the BJH method applied to the desorption branch of the isotherm. In most cases, a very narrow maximum at d = 4 nm is observed. Such sharp signal was not found in the pore size distribution derived from the adsorption branch, which is exemplified in Figure 8f . Thus, the maximum at 4 nm is not reflecting the porous properties of the material, but rather identified as the so-called tensile strength effect phenomenon, an artifact due to the forced closure of the hysteresis loop with a sudden drop of the isotherm along the desorption branch in the p/p o range 0.41-0.48, which was described in detail by Groen et al. [47] . For this study, desorption data is used for the particle size distribution, which is considered more accurate compared to adsorption data, and the signal at d = 4 nm is ignored in the analysis. Thus, the real pore size distributions of the Gallia materials show a broader maximum at pore diameters between 3 and 18 nm (Fig. 8,   insets ). While the loss of surface area with higher calcination temperature (with the exception of the transformation to β-Ga 2 O 3 , Table 1 ) suggests considerable sintering and particle growth, we cannot find growth and coalescence of particles in the SEM images (Fig. 7) . Thus, these phenomenons could be explained by the decreasing number and widening of the original pores inside the original aggregates, which gives rise to a shift of the broad peak in the pore size distribution with calcinations temperature from 5 to 18 nm ( Fig. 8a-d, insets) . Tas relatively large surface area and high pore volume can be produced by calcination of α-GaOOH at 350 and 700 °С in air for 2 h, respectively.
3.3.γ-Ga 2 O 3 Formation
When preparing the precursor material, crystal growth and crystal morphology in the precipitation suspension are governed by many factors, for example, the degree of supersaturation, the diffusion of the reactant, the species at the surface of the crystals, the surface and interfacial energies, and the structure of the crystals [48, 49] .
Previous studies showed that the fresh precipitates exist as gallium hydroxide Ga(OH) 3 , the precursor of γ-Ga 2 O 3 [33, 37, 40] , which probably is seen in the SEM images of the incompletely crystallized samples at aging time of less than 24 h (Fig. 3a,b , arrows). Acidity during precipitation and aging is an important factor to influence olation and the degree of oxolation in the hydroxide precipate, resulting in partial morphological and dimensional control particularly for low dimensional nanocrystals [37,49,50-52]. Crystallinity and morphology of α-GaOOH are sensitive to pH and the type of alkali [1, 49] . In alkaline aqueous solutions there is a relatively fast transformation of Ga(OH) 3 gel even at room temperature involving oxolation and condensation to α-GaOOH, which is the precursor of α- In order to suppress oxolation and to slow down the transformation from Ga(OH) 3 to α-GaOOH, during our experiment, we lowered the pH and temperature of precipitation to pH 4 and 25 °С and filtered the precipitate quickly after synthesis without aging. The XRD pattern of this precipitate (dried at RT for 3 days, Fig. 9a ), exhibits only broad diffraction maxima without sharp peaks, indicating that this sample is composed of an amorphous phase or of very small crystallites. This is in agreement with its high surface area (Table 1 ). Regarding 13 the morphology, no well developed facets of the particles could be seen in the SEM image (Fig. 10a) .
It is noted that when the same synthesis was done at a slightly higher pH of 4.9, faceted particles, most likely the α-GaOOH phase, could be detected by scanning transmission electron microscopy (STEM, encircled areas in Fig. 10f ). This type of material could not be detected in XRD (not shown) or normal SEM (Fig. 10e) probably due to its low amount in the sample mixture. For a synthesis pH of 4, however, no such faceted areas could be observed in STEM (Fig. 10b) indicating that a low pH helps to hinder the crystallization of the Ga(OH) 3 the SEM chamber to form partially dehydrated gallia [28] . Thus, the EDX results are considered unreliable and the precursor should be a gel of a composition near Ga(OH) 3 .
TG analysis shows that the dehydration is not complete before approximately ca. 400 °С (Fig.   5b ). It has been reported that -Ga 2 O 3 can reactively adsorb up to 0.6 moles of H 2 O [35] .
While the endothermic signal at 69 °С in DTA curve assigned to desorption of adsorbed 14 water, the weak exothermic peak positioned at 703 °С can be attributed to the transformation to β-Ga 2 O 3 (confirmed by XRD, not shown). An increase in the heating rate from 2 to 10 °C/min leads to a clearer exothermic signal (Fig. 5b, dotted line) , but also to a significant shift of the peak temperature by 27 °C to higher values. Thus, between ca. 400 and 703 °С, another fully dehydrated phase of Ga 2 O 3 , different from the β-Ga 2 O 3 , should be stable. The XRD pattern of the sample after calcination at 500 °С for 2 h exhibits a low crystallinity (Fig.   9b ), consistent with its still relatively high surface area (Table 1) . It has been reported [30, 33, 35, 53, 54] , that the diffractogram of -Ga 2 O 3 closely resembles that of γ-and -alumina with the exception of a shift towards lower Bragg angles, as expected for the larger
ions. No strong morphological change due to calcination could be detected by SEM or STEM (Fig. 10c, d ). The microstructure of -Ga 2 O 3 has been studied by transmission electron microscopy (TEM) and aggregates of small nano-crystals with the spinel structure have been observed [35] . In summary, the above results provide strong indications that the preparation method used yields γ-Ga 2 O 3 .
The adsorption-desorption isotherm of nitrogen and pore size distribution curve are shown in Fig. 8e and f. The isotherm shape of the gel precursor and γ-Ga 2 O 3 is typical of a mesoporous material. However, the hysteresis loop extending to the lowest attainable pressures suggests that the samples contain micropores [45] . Analysis of the pore size distribution of the gel following the BJH method does not result in a peak > 1.5 nm and suggests that micropores are dominant in this material. Regarding γ-Ga 2 O 3 , a maximum in the pore size distribution is found at 3 nm (Fig. 8f, inset) .
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The reducibility of -Ga 2 O 3 was studied by H 2 -TPR and the results are shown in Fig. 11 . It has been reported that pure gallium oxide cannot be reduced by hydrogen below 627 °C.
Only when β-Ga 2 O 3 is contacted with zeolite, it is amenable to reduction by H 2 [55, 56] .
Accordingly, the TPR profiles of the well-crystalline -and -Ga 2 O 3 , which are shown in Fig. 11 for comparison, do not show any signal of hydrogen consumption during the heating experiment up to 600 °C (Fig. 11a,b) . The highly dispersed and poorly crystalline -Ga 2 O 3 , however, exhibits a clear reduction peak at 344 °C. Surface reduction by oxygen abstraction in gallium oxide has been reported to be possible already at relatively low temperatures [6, 7] .
The degree of Ga 3+ reduction was estimated from the hydrogen consumption assuming Ga + as the formed species. The results suggest that less than 2 % of the Ga 3+ -ions in the sample have been reduced. Thus, we assign the TPR peak to the surface reduction of -Ga 2 O 3 and ascribe its high reactivity to the lack of structural order and the relatively high intensity of the signal to the large specific surface area of the -Ga 2 O 3 sample.
Conclusions
A scheme similar to that presented in ref [27] summarizes the results of this study and is shown in Fig. 12 . Assuming amorphous Ga(OH) 3 gel as the initial production of precipitation, two different pathways can be followed using an aqueous solution of gallium nitrate and sodium carbonate as precipitating agent. At high pH and T, the precipitate readily dehydrates to form crystalline α-GaOOH. At pH 6 and 55 °С, the complete crystallization requires an aging period of 24 h and yields aggregated particles of spindle-like morphology. Thermal treatment of this material allows some control over the porosity of the α-and β-Ga In the inset in f) also the pore size distribution derived from the adsorption branch is shown.
The sharp signal observed around 4 nm is identified as an artifact by comparison with the adsorption data. In the inset in f) also the pore size distribution derived from the adsorption branch is shown.
The sharp signal observed around 4 nm is identified as an artifact by comparison with the adsorption data. 
